Abstract. Liver metastasis represents the most prominent metastasis of colorectal cancer (CRC) and is the leading cause of CRC mortality, making the early prevention of this event very important. While current CRC therapies include surgery, radiotherapy and chemotherapy, no effective treatment option for CRC liver metastasis (CRLM) exists. Furthermore, the effects of currently available metastatic CRC drugs are frequently limited by their toxicity and side effects. Oncolytic herpes simplex virus type 2 (oHSV2) selectively infects tumor cells and also induces an antitumor immune response. The present study investigated the cytopathic effects of oHSV2 on CT-26 cells in vitro and tested its inhibitory effect on CRLM. In vitro experimental data demonstrated that oHSV2 effectively inhibited the growth of CT-26 cells. In vivo study data demonstrated that treatment with oHSV2 alone slowed the growth of subcutaneous xenograft tumors without inducing weight loss and also inhibited CRLM by increasing the numbers of cluster of differentiation (CD)4 + T, CD8 + T and natural killer cells. In summary, oHSV2 shows potential as a safe and effective therapeutic agent for inhibiting the metastasis of CT-26 CRC cells to the liver.
Introduction
According to U.S. cancer statistics, colorectal cancer (CRC) is the third most common cancer and the second leading cause of cancer-associated mortality (1) . The Westernized lifestyle, particularly increases in the prevalence of obesity and physical inactivity, has likely impacted the recently observed rise in CRC incidence rates in China (2, 3) . Furthermore, 50-60% of patients diagnosed with CRC will develop distant metastases, which is the most common reason for CRC mortality. The most prominent CRC metastasis is that of the liver, with 80-90% of these patients having unresectable metastatic liver disease (4) (5) (6) (7) . Currently, hepatic resection of isolated CRC liver metastasis (CRLM) remains the only potential curative option for patients with this disease. Although resection is combined with modern adjuvant systemic regimens, the curative rate of CRLM is only 20%, with 70% of these patients developing recurrence, primarily in the liver (8) (9) (10) . Therefore, early prevention of CRLM is important. Current CRC therapeutic approaches include surgery, radiotherapy and chemotherapy. However, no effective treatments for CRLM exist, and the effects of available metastatic CRC drugs are frequently limited by their toxicity and side effects (11) . By contrast, since it selectively infects tumor cells and forms syncytia, oncolytic herpes simplex virus type 2 (oHSV2) may induce antitumor immune responses (12) .
HSV-2 is a common genital pathogen and prevalent sexually transmitted DNA virus (13) that has been employed as an oncolytic agent, and certain indications suggest that HSV-2 has a higher oncolytic activity compared with HSV-1.
Inhibition of colorectal cancer liver metastasis in BALB/c mice following intratumoral injection of oncolytic herpes simplex virus type 2 for the induction of specific antitumor immunity
Zhao et al (14) constructed a novel oHSV2 agent that was able to slow tumor growth without inducing weight loss. This novel virus was demonstrated to increase the number of natural killer (NK) cells and mildly decrease the number of regulatory T cells (Tregs) in the spleen. The oHSV2 FusOn-H2 was shown to have a higher oncolytic activity compared with that of HSV-1. Furthermore, HSV-2 is able to induce strong T-cell responses and inhibit primary breast cancer metastasis (15) . HSV-2 provides a more effective treatment for disseminated tumors in the peritoneal cavity and for metastatic human ovarian cancer compared with HSV-1 (16) . In another previous study based on infected cell protein 0 (ICP0) mutations within HSV-1 and HSV-2, ICP0-defective HSV-2 (HSV-2 dICP0) exhibited more potent antitumor activity at a lower viral burst size and induced higher levels of cytopathic effects (CPE) compared with HSV-1 dICP0 (17). The HSV-2-based oncolytic virus ΔPK inhibited melanoma cells from secreting the immunosuppressive cytokine interlukin-10 and inhibited the expression of the negative immune checkpoint regulator cytotoxic T lymphocyte antigen 4, which significantly increased its oncolytic activity (18) . The ICP10 and ΔPK HSV-2 agents displayed oncolytic activities against melanoma via virus-induced programmed cell death pathways (19) .
To the best of our knowledge, no reports on the effects of oHSV2 on an in vivo mouse CRLM model exist in the literature. In preclinical models, oHSV2 is an effective killer of CRC and CRC stem-like cells, a significant inhibitor of tumor growth and a promising therapeutic approach for patients with CRC (20) . The present study aimed to assess the potential viability of oHSV2 as a therapeutic agent for the inhibition of CRLM. Construction of a CRLM model by intrasplenic injection of DX-3 or PC-3-P cell lines had revealed more marked metastatic capacity compared with the direct intravenous injection of the aforementioned cell lines (21) . Here, a CRLM model was established in BALB/c mice by intrasplenically injecting CT-26 cells into the splenic capsule, and CT-26 cells were also subcutaneously injected into the right flanks of the mice. oHSV2 was administered via intratumoral injection into subcutaneous xenograft tumors in the CRLM model, to assess its therapeutic potential in CRLM and its ability to induce immune responses.
Materials and methods
Cell culture and reagents. The mouse colorectal cancer cell line CT-26 was purchased from the American Type Culture Collection (Manassas, VA, USA) and maintained in our laboratory. The cells were cultured in RPMI-1640 medium (Hyclone; GE Healthcare Life Sciences, Logan, UT, USA) supplemented with 100 U/ml penicillin, 100 mg/ml streptomycin, and 10% fetal bovine serum (FBS) (Hyclone; GE Healthcare Life Sciences) in a 5% CO 2 humidified incubator at 37˚C.
Virus. The oHSV2 used in this study is a replication-competent, genetically stable attenuated HSV-2 whose construction was previously described in detail (14) . This virus was derived from the wild-type HSV-2 strain HG52 and has copy deletions of ICP34.5 and ICP47, which increases tumor selectivity and decreases virulence.
Cytotoxicity analysis of oHSV2 in CT-26 cells in vitro.
CT-26 cells were plated on 6-well flat-bottom plates at 3.0x10 5 cells/well and grown overnight. Subsequently, the cells were infected with oHSV2 at multiplicities of infection (MOIs) of 0.1, 1 and 3 and incubated at 37˚C in a 5% CO 2 humidified incubator. Photomicrographs of the cells were captured using an Olympus confocal microscope (Olympus Corporation, Tokyo, Japan) equipped with a Leica camera (Leica Microsystems GmbH, Wetzlar, Germany) with a x100 magnification after an additional 24, 48 and 72 h of culture.
Cell Counting kit 8 (CCK8) cell viability assay. The CCK8 assay (Dojindo Molecular Technologies, Inc., Kumamoto Japan) was utilized to measure cell viability. Briefly, CT-26 cells were seeded in 96-well plates at 1.0x10 4 cells/well in a total volume of 100 µl; each sample was analyzed in triplicate. To test the effect of MOI on cell viability, cells were infected with oHSV2 at MOIs of 0.1, 1 and 3. Following culturing for 24, 48, and 72 h, the culture medium was replaced with 100 µl of a solution containing 10% CCK8, and the mixture was incubated for 2 h at 37˚C. Absorbance was measured using a Model 550 microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA) at 450 nm with a reference of 655 nm. The untreated control was set to 100%, and the treated samples were normalized to this value according to the following equation: Survival rate (%)=(optical density (OD) of the treated cells-OD of blank control/OD of negative control-OD of blank control) x100.
Animals and treatment.
A total of 72 6-week-old female BALB/c mice (Animal Center of the Chinese Academy of Medical Science, Beijing, China), with a mean weight of 16-18 g, were fed chow and water ad libitum, and housed under specific pathogen-free conditions. The mice were acclimated to the housing conditions (mean temperature of 24±2˚C and mean humidity of 52±8%) for 7 days. The study protocol was approved by the Ethics of Animal Experiments Committee of the Chinese Academy of Medical Sciences and Peking Union Medical College (Beijing, China).
Liver metastasis animal model. The experimental CRLM model was established via intrasplenic and subcutaneous inoculation of CT-26 cells; tumor cell viability during the exponential growth phase was >95%. CT-26 cells (3x10 5 ) were suspended in 100 µl RPMI-1640 serum-free medium (SFM) and subcutaneously inoculated into the right flanks of the mice. The mice were anesthetized via an intraperitoneal injection of 5% chloral hydrate (400 mg/kg body weight) and fixed in the prone position. An abdominal incision ~1.0 cm in length was made between the dorsal central and left axillary midlines to expose the spleen. Equal numbers and volumes of CT-26 tumor cells were inoculated into the splenic tip using a 4-gauge needle to produce a visible pale wheal, followed by hemostasis for 5 min with alcohol-soaked cotton balls and wound closure. The abdominal wound was closed if no significant bleeding or extravasation was encountered.
Animal experiments. When the subcutaneous xenograft tumors reached 3 mm in diameter, tumor volumes were calculated according to the following formula: Tumor volume (mm 3 )=(length x width 2 )/2. The mice were randomly divided into two groups as follows: i) Treatment with oHSV2 alone on days 1, 3, 5, 7 and 9; and ii) control treatment with RPMI-1640 SFM on days 1, 3, 5, 7 and 9. oHSV2 (1x10 6 PFU in 100 µl) was applied by intratumoral injection into the right flank subcutaneous xenograft tumors. The tumor size and body weight of each mouse were measured every other day, and mouse survival was monitored daily during the experimental period. The tumor volumes were determined by caliper measurement at the indicated times after treatment. A total of 7 days after the last treatment, the mice were sacrificed by cervical dislocation and then subjected to gross dissection. Their livers and spleens were removed and weighed, and the numbers of visible tumor nodules on the liver surfaces were counted.
Histopathological analysis. Following the aforementioned procedures, the livers and spleens were collected and fixed in 10% paraformaldehyde for 12-24 h at room temperature then paraffin-embedded. Sections of 4 µM were stained with hematoxylin and eosin at room temperature (3-5 min for hematoxylin and 5-10 sec for eosin). Samples were permeabilized with 0.1% Triton X-100, and nonspecific binding was blocked with 5% normal goat serum (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The pathological sections were observed with an confocal microscope (magnification, x400; Olympus Corporation, Tokyo, Japan) equipped with a Leica camera (Leica Microsystems GmbH, Wetzlar, Germany).
Characterization of CD4
+ T, CD8 + T and natural killer (NK) cells in peripheral blood using flow cytometric analysis. A total of 2 days after the last oHSV2 treatment, CD4 + T, CD8 + T and NK cells were quantified in mouse peripheral blood (n=3). Peripheral blood lymphocytes were isolated by centrifugation at 250 x g at 4˚C for 10 min in a gradient lymphocyte isolation solution for mice (Tianjin Hao Yang Biological Manufacture Co., Ltd., China) at room temperature and washed twice with PBS. The cell suspensions were then stained for 30 Statistical analysis. All data were statistically analyzed in this study were performed using GraphPad Prism 6.0 (GraphPad Software, Inc., La Jolla, CA, USA). All data are expressed as the mean ± standard error of the mean from at least three independent experiments. Independent sample t-tests were used to analyze the significance of differences between two groups. Survival curves were calculated using the Kaplan-Meier method and compared with the log-rank test. P<0.05 was considered to indicate a statistically significant difference.
Results

oHSV2 has cytotoxic effects on CT-26 cells in vitro.
To investigate the effects of oHSV2 on CT-26 cells in vitro, cells were infected with oHSV2 at different MOIs. As presented in Fig. 1A , as the oHSV2 MOI increased, the cellular CPE became more obvious, and the distance between the cells gradually increased. This result suggested that the oncolytic effect of oHSV2 on CT-26 cells may be dependent on the MOI.
To further examine the effects of oHSV2 on CT-26 cells in vitro, CT-26 cells were infected with virus at various MOIs (MOI=0.1, 1 and 3) for 24, 48 and 72 h and subjected to the CCK8 assay to investigate alterations in cell viability. The viral treatment induced a concentration-dependent reduction in CT-26 cell viability. As presented in Fig. 1B , cells treated with oHSV2 at MOI=0.1 for 72 h had a viability of 72.79%, whilst the viability decreased to 67.09% with MOI=1 and to 35.20% with MOI=3.
Intratumoral oHSV2 injection inhibits subcutaneous CT-26 cell xenograft tumor growth with no systemic side effects.
As expected, a single oHSV2 treatment application induced significant growth inhibition compared with that induced by the control. As presented in Fig. 2A , in the oHSV2 treatment group the subcutaneous xenograft tumor volume remained approximately the same, whereas the tumor volume was significantly increased in the control group. Notably, tumor volume in the oHSV2 treatment group increased slightly during the first 6 days and began to decrease on day 8. However, tumor volume in the control group remained higher compared with that in the oHSV2 treatment group throughout the experiment. Furthermore, alterations in the body weights of mice treated with oHSV2 compared with the control were not statistically significant (Fig. 2B) , and no necrosis or skin ulcerations were observed in the oHSV2 treatment group. Two days after the last treatment, mice in the oHSV2 treatment group had glossy, healthy fur and exhibited normal behavior. In contrast, the behavior of the mice in the control group were apathetic and dull, and their fur was disordered (Fig. 2C) . These results demonstrated that oHSV2 exerted significant antitumor effects and did not influence mouse body weight.
CRLM in BALB/c mice. Mice were sacrificed by cervical dislocation at 19 days post-tumor cell inoculation. Their livers were dissected, and different-sized nodules were distributed on the liver surfaces of all mice (Fig. 3) . Significantly more nodules of diameter >1 mm were observed in the control group compared with the oHSV2 treatment group. As presented in Fig. 3 , histopathological analysis of tissue sections confirmed that the liver nodules were poorly differentiated adenocarcinomas, demonstrating successful establishment of the CRLM model. The results revealed that the intrasplenic injection was effective in building the CRLM model in BALB/c mice.
oHSV2 treatment inhibits CRLM in vivo. As described above, the livers and spleens of the mice were separated and weighed, and the numbers of visible tumor nodules on the liver surfaces were counted in the two groups 7 days after the last treatment. As presented in Fig. 3 , numerous tumor nodules formed on the livers of the control group mice, while few tumor nodules formed on the livers of the oHSV2 mice. Statistical analysis revealed that the number of nodules formed in the control group livers was significantly higher compared with those of the oHSV2 treatment group (Fig. 4A) . As presented in Fig. 4B , liver weights in the control group were increased compared with those in the oHSV2 treatment group (P<0.05). However, the spleen weights in the control and oHSV2 treatment groups were not significantly different (Fig. 4C, P=0.116) . With the exception of the mice used in the aforementioned experiments, mouse survival was assessed every day until the end of the experiment, revealing that the overall survival (OS) of mice in the oHSV2 treatment group was prolonged compared with that of control group mice (Fig. 4D, P<0 .05). These data illustrated that intratumoral injection of oHSV2 into the right flanks of mice with established liver metastasis nodules significantly inhibited CRLM and prolonged OS. 
Discussion
It has previously demonstrated that oHSV2 may cytolytically destroy tumor cells in vitro and inhibit xenograft tumor growth by increasing the immune response in immunocompetent mice in vivo (14, (22) (23) (24) . Oncolytic viruses are able to specifically target and kill tumor cells and provide an in situ cancer immunotherapy vaccine. Investigators have demonstrated that HSV vectors may inhibit the growth of established tumors at distant sites (25) , although the potential inhibition of CRLM by oncolytic viruses has not been examined. Despite recent improvements in comprehensive CRC therapies, the 5-year survival rate for metastatic CRC (mCRC) remains <30% (26) . To date, treatment with all of the available drugs in combination or in sequence until progression or unacceptable toxicity occurs has been the standard therapy for mCRC (27) . Viruses are currently the most promising therapeutic approach to treating tumors (28, 29) . In 2015, the US Food and Drug Administration approved talimogene laherparepvec (T-VEC) for use in melanoma patients with injectable, nonresectable skin and lymph node lesions (30) .
Oncolytic viruses specifically infect, replicate in, and kill cancer cells while leaving normal cells unharmed (31, 32) , and simultaneously release tumor-specific antigens that are recognized by CD8 + T lymphocytes (33) . oHSV2 agents are armed with granulocyte-macrophage colony-stimulating factor, a hematopoietic growth factor and pro-inflammatory cytokine that promotes the activation and tissue accumulation of monocytes, macrophages, and granulocytes (14, 34, 35 (14) . In the present study, a series of experiments were performed to further assess the therapeutic effects of oHSV2 on CRLM in mice. First, the effects of oHSV2 on CT-26 cells were assessed with a CCK8 assay in vitro, revealing that oHSV2 markedly inhibited CT-26 cell growth. In addition, as the MOI of oHSV2 increased, the survival rate of CT-26 cells gradually deceased. To evaluate whether oHSV2 was effective, a right flank subcutaneous xenograft tumor and CRLM model was successfully established in BALB/c mice and oHSV2 was intratumorally-injected into the xenograft tumors. Tumor volumes in the oHSV2 treatment group were significantly lower compared with those in the control group, and the numbers of metastasized liver nodules exhibited a similar trend, illustrating that oHSV2 was able to inhibit the growth and metastasis of the CT-26 cell CRLM model. Flow cytometry was used to analyze peripheral blood samples collected from the two groups of mice, in order to assess the effects of immune cell numbers on the inhibition of CRLM. The percentages of CD4 + T, CD8 + T and NK cells in the oHSV2 treatment group were increased compared with those in the control group, demonstrating that oHSV2 delivered intratumorally to subcutaneous xenograft tumors induced immune responses to inhibit CRLM.
CRLM is a dynamic process in which the immune microenvironment serves an important role in tumor initiation, proliferation, growth and metastasis (39) . However, tumors resist clinical treatment via the rapid progression of immune escape and immunosuppressive mechanisms, leading to treatment failure (40) . Meanwhile, cellular immune reactions are modified during metastasis, inducing tumor cell senescence (41) . In the context of oncolytic HSV, the initial stages of immunogenic virus replication leading to activation of antitumor immunity were demonstrated to be more important compared with the persistence of the virus replicating within the tumor (42) , illustrating the importance of controlling the tumor microenvironment for successful tumor therapy.
To the best of our knowledge, this is the first study which evaluates the antimetastatic effects of oHSV2 in a CRLM model established in BALB/c mice. Herein, oHSV2 was intratumorally-injected into right flank subcutaneous xenograft tumors, inducing indirect inhibition of tumor growth and inhibition of CRLM. In vitro, the growth capacity of CT-26 cells was reduced by administration of oHSV2. In vivo, treatment with oHSV2 effectively prolonged the overall mouse survival and also restricted liver metastasis in the CRLM model. oHSV2 also caused an increase in the percentages of CD4 + T, CD8 + T and NK cells in the mouse peripheral blood, further demonstrating the inhibitory effect of oHSV2 on CRLM. Although oHSV2 serves as a potential novel approach for the treatment of CRLM, there remains a need to further verify its efficacy in CRLM models in other CRC cell lines.
